Neuronal membrane potential is of fundamental importance for the mechanistic understanding of brain function. This review discusses progress in whole-cell patch-clamp recordings for low-noise measurement of neuronal membrane potential in awake behaving animals. Whole-cell recordings can be combined with two-photon microscopy to target fluorescently labeled neurons, revealing cell-type-specific membrane potential dynamics of retrogradely or genetically labeled neurons. Dual whole-cell recordings reveal behavioral modulation of membrane potential synchrony and properties of synaptic transmission in vivo. Optogenetic manipulations are also readily integrated with whole-cell recordings, providing detailed information about the effect of specific perturbations on the membrane potential of diverse types of neurons. Exciting developments for future behavioral experiments include dendritic whole-cell recordings and imaging, and use of the whole-cell recording pipette for single-cell delivery of drugs and DNA, as well as RNA expression profiling. Whole-cell recordings therefore offer unique opportunities for investigating the neuronal circuits and synaptic mechanisms driving membrane potential dynamics during behavior.
Neuronal membrane potential is of fundamental importance for the mechanistic understanding of brain function. This review discusses progress in whole-cell patch-clamp recordings for low-noise measurement of neuronal membrane potential in awake behaving animals. Whole-cell recordings can be combined with two-photon microscopy to target fluorescently labeled neurons, revealing cell-type-specific membrane potential dynamics of retrogradely or genetically labeled neurons. Dual whole-cell recordings reveal behavioral modulation of membrane potential synchrony and properties of synaptic transmission in vivo. Optogenetic manipulations are also readily integrated with whole-cell recordings, providing detailed information about the effect of specific perturbations on the membrane potential of diverse types of neurons. Exciting developments for future behavioral experiments include dendritic whole-cell recordings and imaging, and use of the whole-cell recording pipette for single-cell delivery of drugs and DNA, as well as RNA expression profiling. Whole-cell recordings therefore offer unique opportunities for investigating the neuronal circuits and synaptic mechanisms driving membrane potential dynamics during behavior.
The temporal pattern of action potential firing in diverse neurons distributed across the brain forms the basis of the neuronal code ( Figure 1A ). Action potential firing in sensory brain areas typically correlates with specific features of sensory input, whereas spiking in motor areas precedes and correlates with movement. Methods have been developed to simultaneously measure the action potential firing of many neurons using silicon probes with a high density and large number of recording sites (Buzsá ki, 2004; Rossant et al., 2016) . Action potential firing is invariably accompanied by calcium influx through voltage-gated calcium channels, and imaging of calcium-sensitive fluorophores can therefore also yield important, although indirect, measures of spiking activity in neuronal networks with single-cell resolution (Yuste and Katz, 1991; Stosiek et al., 2003) . Electrophysiological and optical methods are therefore being developed to record from very large numbers of neurons simultaneously, providing invaluable information about the cellular structure of the neuronal code of action potentials.
Action potentials are fired when the membrane potential (V m ) is depolarized beyond the threshold. The biophysical conductances underlying the action potential were quantitatively investigated at the giant axon of the squid by Hodgkin and Huxley (1952) , who found that the rapid recruitment of voltage-gated sodium channels at the action potential threshold outpaced the delayed activation of voltage-gated potassium channels, giving rise to a positive feedback all-or-none event. The Hodgkin and Huxley formalism of the action potential has turned out to be generally applicable across species and, with small variations, accurately describes the action potential waveform in many types of neurons. Although the biophysical mechanisms underlying the action potential waveform itself are well-understood, what physiologically drives a neuron to the action potential threshold requires measurement of V m in behaving animals. Such measurements reveal a wealth of subthreshold V m fluctuations, some of which cross threshold-evoking action potentials ( Figure 1B ). The action potential might therefore be considered just the ''tip of the iceberg'' in terms of neuronal activity.
Subthreshold changes in V m are largely driven by the spatiotemporal integration of synaptic inputs arriving across the somatodendritic arborization. A unitary synaptic input can be considered the result of a single action potential in a single presynaptic neuron. Typically, unitary excitatory postsynaptic potentials (uEPSPs) and unitary inhibitory postsynaptic potentials (uIPSPs) are small in amplitude ($1 mV) and have a short duration ($10 ms) ( Figure 1C ). The large ($20 mV) V m fluctuations observed in vivo ( Figure 1B ) on both short (millisecond) and longer (second) timescales must therefore result from the integration of many synaptic inputs distributed across the complex morphology of single neurons. In addition, neuromodulatory input serves to change various membrane conductances, typically on longer timescales, affecting input resistance, excitability, and synaptic transmission. The fundamental computation a single neuron carries out is thus to integrate the incoming uEPSPs and uIPSPs to decide whether to fire an action potential. This synaptic computation can be investigated with whole-cell V m recordings, and the application of this technique to behaving animals is the focus of this review.
Whole-Cell Patch-Clamp Recordings from Awake HeadRestrained Mice
The patch-clamp recording technique was developed by Erwin Neher and Bert Sakmann to measure single-channel currents (Neher and Sakmann, 1976; Sakmann and Neher, 1995) . They found that glass pipettes with a tip diameter of $1 mm filled with isotonic ionic solutions could make a tight electrical seal with lipid bilayer membranes. After establishing a seal with a membrane, the leak resistance between the inside of the pipette and the reference electrode could be greater than 1 gigaohm (GU), termed a ''giga-seal.'' The giga-seal resulted in low-noise recordings showing the opening and closing of single ion channels present in the patch of membrane sealed onto the end of the electrode (Hamill et al., 1981) . Not only has the giga-seal been found to be applicable to many different membranes, it has also turned out to be surprisingly stable mechanically. The remarkable mechanical stability of the giga-seal together with the low electrical noise of the recordings has made the patchclamp method useful in many different experiments.
Today, one of the most widely used configurations of the patch-clamp method is the whole-cell recording technique (Hamill et al., 1981) . The whole-cell recording configuration is established in a three-step process ( Figure 1D ). First, the glass pipette is filled with an intracellular solution into which a silver/ silver chloride (Ag/AgCl) electrode is inserted, forming the electrochemical interface with the headstage of a patch-clamp amplifier. The patch pipette is further connected to an air-filled tube, allowing the pressure inside the pipette to be controlled. Using a micromanipulator, the glass patch-clamp electrode is inserted into the extracellular solution, which fills the recording chamber. Positive pressure is applied to the inside of the pipette, making a small flow of solution out of the electrode, which helps (B) Whole-cell membrane potential (V m ) recording reveals subthreshold V m dynamics in a layer 2/3 pyramidal neuron of an awake head-restrained mouse (Petersen et al., 2003) . Action potential (AP) firing occurs when V m crosses the threshold. Although action potential firing is sparse in many neurons of the mammalian brain during behavior, large-amplitude V m fluctuations are usually prominent. Reproduced from Petersen et al. (2003) with permission from the National Academy of Sciences. (C) Changes in neuronal V m are largely driven by excitatory and inhibitory synaptic inputs arriving across the somatodendritic arborization. Unitary synaptic inputs (i.e., evoked by a single action potential in a single presynaptic neuron) are typically small in amplitude ($1 mV) and short in duration ($10 ms). The largeamplitude V m fluctuations found in vivo must therefore reflect integration of network activity involving many neurons. (D) Whole-cell recordings are typically established in three steps. First, the open patch pipette is inserted into the extracellular solution of the recording chamber with positive pressure inside the pipette. The patch-clamp amplifier is set to voltage-clamp mode, and the pipette resistance is monitored by applying voltage steps (V) while measuring the current flow (I). In this search mode, the pipette is advanced in small ($2-mm) steps in the brain region targeted for recording. If the pipette encounters a membrane, then the pipette resistance increases, which is visualized as a drop in the current flow evoked by the voltage steps. In the second step, gentle suction is applied to the inside of the pipette, and the pipette voltage is gradually hyperpolarized to help seal the membrane. The leak current evoked by the voltage steps gradually decreases, and if the leak resistance reaches over 1 GU, then a so-called giga-seal has been made in the cell-attached configuration. In the third step, gentle suction is applied to the inside of the pipette, rupturing the patch of membrane in the pipette and establishing the whole-cell recording. Voltage steps in the whole-cell recording configuration evoke large capacitive transients as well as larger membrane currents. (E) Whole-cell recordings can be obtained from awake head-restrained mice. Mechanical stability of the brain is achieved by cementing a metal headpost directly to the skull. A recording chamber is filled with extracellular solution into which an Ag/AgCl electrode is placed, serving as the reference electrode (0 mV). A craniotomy with dura removal allows the glass patch-clamp pipettes under positive pressure to be inserted into the brain using a micromanipulator.
keep the tip of the glass electrode clean. This is essential because any dirt on the pipette tip will prevent giga-seal formation. The electrical circuit is completed by an Ag/AgCl electrode placed in the recording chamber, which serves as the reference electrode for the patch-clamp amplifier set to 0 mV as the extracellular potential. The electrical tip resistance is constantly monitored by applying voltage steps to the pipette in the voltageclamp mode of the patch-clamp amplifier while measuring the current flow. In this ''search'' mode, the tip of the patch electrode has free access to the extracellular solution and typically has a resistance of $5 MU. Remarkably, the outflow of pipette solution can also move tissue out of the way of the advancing patch electrode, as found in recordings from brain slices in vitro (Blanton et al., 1989; Stuart et al., 1993) . As the patch-electrode tip touches a cell membrane, the experimenter removes the positive pressure from the inside of the pipette and gently sucks. The negative pressure in the pipette now pulls a small patch of membrane into the pipette, and the resistance between the inside of the electrode and the extracellular solution increases. As the glass and the lipid bilayer begin to form a tight seal, the pipette resistance increases rapidly, typically reaching many gigaohms. A giga-seal is thus established with the plasma membrane in the so-called ''cell-attached'' configuration of the patch-clamp method. Using the voltage-clamp amplifier, the potential of the patch electrode is typically set to a negative value close to the expected resting potential of the cell. Suction pulses are then applied to the inside of the patch pipette to rupture the membrane without affecting the tight electrical giga-seal. The solution inside the patch electrode now has direct intracellular access, and the currents flowing across the cell membrane can thus be measured with very little leak current because of the gigaseal. In this ''whole-cell'' patch-clamp recording configuration, voltage steps give rise to large transient currents because of the charging of the membrane capacitance. The steady-state current flow is also larger than in the cell-attached configuration, reflecting the larger conductance across the membrane of the whole cell compared with the small patch of membrane in the pipette tip. The patch-clamp amplifier can be used to measure whole-cell currents at different membrane potentials in the voltage-clamp mode, or, when the amplifier is switched to current-clamp mode, the experimenter can now measure V m . Current injections can be used to measure the excitability, firing patterns, input resistance, and intrinsic conductances of the neuron, all of which can be modulated during behavior on a wide range of timescales. The whole-cell recording technique offers reliable, low-noise recording of membrane current and V m , accompanied by high mechanical stability, allowing longlasting recordings.
In vivo whole-cell recordings from neurons in the mammalian brain were first obtained from the visual cortex of anesthetized cats (Pei et al., 1991; Ferster and Jagadeesh, 1992; Jagadeesh et al., 1993; Nelson et al., 1994) and later from anesthetized rats (Moore and Nelson, 1998; Zhu and Connors, 1999; Margrie et al., 2002) . These pioneering studies used the so-called ''blind'' recording technique (Blanton et al., 1989) , in which the patch pipette is advanced into the brain in small steps (typically $2 mm) while monitoring the tip resistance but without any visual control of the pipette approaching individual cells. A rapid increase in tip resistance after the pipette is moved forward indicates possible contact of the electrode tip with a cell membrane. Suction can then be applied and a whole-cell recording established.
The same methods used for recording under anesthesia can also be applied to obtain whole-cell recordings from awake animals ( Figure 1E ). This is important because anesthesia changes the brain state, alters many aspects of neuronal activity, and prevents movements. Recordings from awake animals allow the activity of neurons to be directly correlated with behavior, which is an essential step for understanding brain function. The key to obtaining whole-cell recordings in behaving animals is to minimize the relative motion of the brain and the patch-clamp electrode. The simplest method is to implant a metal head fixation post directly to the skull under anesthesia. For mice, such a post can simply be cemented to the cleaned skull using cyanoacrylate glue reinforced with dental cement. When the headpost is attached to a stable holder mounted on an air table, the movement of the skull relative to the table is typically on the order of a few micrometers, even when the mouse is active. Mice readily adapt to head restraint within a few daily training sessions. Additionally, placing the mouse on a floating ball may help to further minimize skull movement (Dombeck et al., 2007) . However, even after complete stabilization of the skull, the brain can still move a small amount inside the skull (for example, when a thirsty mouse is vigorously licking a reward spout), but heartbeat pulsation and breathing-related brain movements can also be observed, depending upon the preparation. A craniotomy, followed by opening of the dura, is essential to introduce the patch-clamp recording electrode, and making craniotomies as small as possible is helpful in reducing brain movement. Despite these small brain movements on the order of a few microns, high-quality whole-cell recordings can be obtained from awake rats (Margrie et al., 2002) and mice (Petersen et al., 2003) , presumably because of the remarkable mechanical stability of the giga-seal between glass and lipid membrane.
Whole-cell recordings of V m in awake mammals have now been obtained using this blind patch-clamp technique under a wide variety of interesting experimental conditions. Early recordings in awake head-restrained mice highlighted the surprising prevalence of slow, large-amplitude V m fluctuations during quiet wakefulness (Petersen et al., 2003) . In a more complex virtual reality setup, whole-cell recordings were obtained from the hippocampus of head-restrained mice running on a floating trackball during virtual navigation (Harvey et al., 2009) . Blind whole-cell recordings of the V m correlates of tactile sensory perception have also been investigated in mice trained to lick a reward spout in response to detected whisker stimuli (Sachidhanandam et al., 2013; Zagha et al., 2015; Yang et al., 2016) . The blind wholecell recording technique is not limited to rodents, and, indeed, such V m recordings have also been obtained from the primary visual cortex of awake head-restrained macaque monkeys trained to fixate while viewing drifting gratings (Tan et al., 2014) . In general, the blind whole-cell recording technique is simple and robust, requiring relatively little equipment, but involves extensive training and technical skill of the experimenter. Whole-cell recording is labor-intense, and one drawback of the whole-cell patch-clamp technique is the need to use a new pipette for each attempt to obtain a recording. Thus, the electrode must be withdrawn from the brain, changed for a new pipette, and then reinserted into the target location. Some of the steps involved in obtaining a whole-cell recording in vivo have now been automated through the development of patch-clamp robots (Kodandaramaiah et al., 2012; Kolb et al., 2016) , and with each step of automation, the technique should become easier for the experimenter.
Membrane potential can also be measured using classical sharp glass microelectrodes, which have very fine tip diameters and are filled with a high concentration of ions (typically $3 M KCl). Because of their very thin tip, these electrodes can directly penetrate the cell membrane, and they can be used to record V m in vivo simply by advancing the electrode. However, microelectrode recordings typically have a large leak conductance because of the absence of a tight electrical seal between the electrode and the cell membrane. In addition, the smalldiameter electrodes can bend in response to brain movements, which may create artifactual electrical signals in measurements. Typically, recording reliability, quality, and duration are improved with the use of whole-cell recordings compared with classical microelectrodes, but there are also examples of sharp microelectrode recordings in awake animals; for example, in cats (Timofeev et al., 2001) , songbirds (Long et al., 2010) , and also mice (Schneider et al., 2014) .
Recordings from Anatomically Identified Neurons in Behaving Mice
Neurons in different parts of the brain process distinct information, and knowing the exact location of the cell body of a recorded neuron can thus be helpful. Even nearby neurons can have very different functional properties, which, in some cases, may correlate with dendritic and axonal morphology as well as gene expression. Recordings from anatomically identified neurons are therefore of critical importance for a detailed understanding of the cellular mechanisms of brain function. During whole-cell recording, the pipette solution diffuses into the recorded cell. If the pipette solution contains biocytin (a biotinlysine complex), then the biocytin will enter the cell, filling the soma, dendrites, and axons. At the end of the recording, the patch electrode is withdrawn very slowly while applying voltage-clamp pulses to monitor tip resistance. If a patch of membrane reseals on the pipette tip, forming a so-called ''outside-out'' patch, then the neuronal membrane also reseals, leaving the recorded neuron intact. Next, the brain is chemically fixed by transcardial perfusion of paraformaldehyde and sectioned into thin slices. The recorded neuron can then be stained by applying avidin conjugated to enzymes or fluorescent molecules (Horikawa and Armstrong, 1988) .
These methods have been applied to neurons recorded in awake head-restrained mice; for example, in the context of investigating active touch. Primary sensory cortices have precise maps that process specific sensory information. The primary somatosensory cortex of mice contains an anatomical map of the facial whiskers, with each whisker being individually represented in layer 4 by a so-called ''barrel'' (Woolsey and Van der Loos, 1970) . Each cortical barrel column processes sensory information predominantly from its aligned whisker; for example, neurons in the C2 barrel column primarily process information related to the C2 whisker (Petersen, 2007) . It is therefore essential to know the location of a recorded neuron within the somatotopic barrel map. The cortex is also divided into different layers containing different types of cells, and it is therefore also necessary to know the laminar location of a recorded neuron. As an example, Crochet et al. (2011) obtained wholecell V m recordings from neurons in the primary whisker somatosensory cortex of awake head-restrained mice actively palpating objects with their C2 whiskers ( Figure 2A ). Biocytin was introduced into the neurons during the whole-cell recordings, and the fixed tissue was subsequently stained with avidin conjugated to peroxidase, forming a brown precipitate in a reaction with diaminobenzidene. The labeled somata, descending main axons, and dendrites were subsequently digitally reconstructed in three dimensions in the context of the barrel maps labeled with cytochrome oxidase. The V m dynamics during active touch of different post hoc-identified neurons in the C2 barrel column differed significantly depending upon the subpial depth of the recorded neuron, with long-lasting, slow depolarizations in layer 2 and faster, transient active touch responses in layer 3 (Crochet et al., 2011) .
Many further whole-cell recording studies in awake headrestrained rodents have used biocytin to anatomically identify the recorded neurons, including the characterization of stellate cells in the medial entorhinal cortex during virtual navigation (Schmidt-Hieber and H€ ausser, 2013), differentiation of neurons in layer 5 of the mouse motor cortex (Schiemann et al., 2015) , differentiation of direct and indirect pathway neurons in the dorsolateral striatum during a whisker detection task (Sippy et al., 2015) , localization of neurons in layer 4 of the mouse barrel cortex during a whisker-dependent object localization task (Yu et al., 2016) , and localization of neurons in different layers of the mouse forepaw somatosensory cortex (Zhao et al., 2016) .
Visually Guided In Vivo Whole-Cell Recordings from Behaving Mice
The blind whole-cell recording technique allows recordings from many different brain regions, but, within a given brain area, there can be many different types of neurons. Neuron types that are very prevalent are more likely to be recorded. For example, in the neocortex, most neurons are excitatory pyramidal neurons, and the majority of neurons recorded by stepping blindly through the cortex with a patch electrode are pyramidal neurons. One approach to selectively record from specific types of neurons is to label them with fluorescence and then target whole-cell recording electrodes to these cells under visual guidance. However, brain tissue strongly scatters visible light, and therefore high-resolution optical imaging in the mammalian brain is challenging. Two-photon microscopy can resolve micron-scale fluorescently labeled structures in the living brain and can be combined with in vivo whole-cell recordings to measure the activity of specific neurons (Margrie et al., 2003; Kitamura et al., 2008) . Two-photon microscopy is a non-linear optical technique in which the combined energy of two simultaneously absorbed long-wavelength (typically $900 nm) photons is used to excite fluorescence (Denk et al., 1990; Helmchen and Denk, 2005) . The use of long-wavelength excitation light reduces scattering, in itself improving spatial resolution. The requirement for near-simultaneous absorption of two photons to generate excitation of the fluorophore via a virtual energy state means that fluorescence depends on the square of the photon density. The excitation photon density is only high in the focal plane, and therefore optical sectioning is an intrinsic part of two-photon microscopy. These two features allow high-resolution fluorescence imaging up to $1 mm of depth in the mammalian brain (Theer et al., 2003) . By scanning the focal point of a femtosecond-pulsed infrared laser through a volume of brain tissue, the emitted fluorescence detected on photomultiplier tubes can be used to digitally reconstruct an image.
To obtain good optical access to the brain, a cranial window is opened over the region of interest, typically with a diameter of $1 mm. After removing the dura, the underlying cortex can be stabilized with agarose sealed with a glass coverslip glued to the skull ( Figure 2B ). By leaving a small aperture, whole-cell recording electrodes can be introduced into the brain with a relatively shallow angle determined by the working distance and geometry of the objective. The whole-cell recording pipette can be filled with one color of fluorescent dye, and, using micromanipulators, the fluorescent patch pipette can be brought into contact with a fluorescently labeled target cell in a different color. 
. Whole-Cell Recordings from Identified Neurons in Behaving Mice
(A) A neuron was filled with biocytin during a whole-cell recording in the primary whisker somatosensory cortex of an awake head-restrained mouse during a sequence of active whisker touch. V m depolarized rapidly and action potential firing increased transiently at the onset of C2 whisker contact with the object (bottom right). In post hoc histology, the layer 2/3 pyramidal neuron was stained, and its dendritic arborization (red) was digitally reconstructed, along with its anatomical location within the C2 barrel column. Reproduced from Crochet et al. (2011) with permission from Elsevier. (B) Whole-cell recordings can be targeted to fluorescently labeled neurons using a two-photon microscope. To minimize brain movements, the craniotomy is covered with agarose and a glass coverslip. A small aperture allows entry of the whole-cell recording pipette, and, typically, a water immersion lens is used for imaging. Shown are example V m recordings from retrogradely labeled (cholera toxin B subunit [CTB]-Alexa 488) neurons in layer 2/3 of the primary whisker somatosensory barrel cortex (S1) in an awake head-restrained mouse during execution of a simple task in which the mouse learns to lick a reward spout in response to a whisker deflection. Neurons in S1 projecting to the secondary somatosensory cortex (S2) had a larger long-lasting depolarization in hit trials compared with neurons in S1 projecting to the primary motor cortex (M1). Reproduced from Yamashita and Petersen (2016) .
At the moment of transition from the cellattached to the whole-cell patch-clamp configuration, the fluorescent dye from the recording electrode diffuses into the recorded cell, and the two fluorescence colors mix, indicating correct targeting. Two-photon targeted whole-cell recordings have been obtained from behaving mice. For example, excitatory pyramidal neurons with different long-range projections can be retrogradely labeled with fluorescently conjugated cholera toxin subunit B and then targeted for whole-cell recording (Yamashita et al., 2013; Yamashita and Petersen, 2016;  Figure 2B ). In mice carrying out a simple task involving licking a water reward spout in response to a whisker deflection, layer 2/3 neurons in the primary somatosensory cortex projecting to the secondary somatosensory cortex had a learned, large, and long-lasting depolarization in hit trials that was much smaller in nearby neurons projecting to the primary motor cortex (Yamashita and Petersen, 2016) . Whole-cell recordings therefore show that different nearby excitatory pyramidal neurons projecting to different long-range targets have important functional differences, consistent with other measurements derived from calcium imaging (Sato and Svoboda 2010; Chen et al., 2013a) . Different cell types express different genes, and by expressing fluorescent proteins under different promoters, it is possible to visualize different genetically defined cell types. For example, GABAergic neurons express the enzyme glutamic acid decarboxylase (GAD), which converts glutamate into g-aminobutyric acid (GABA). By driving expression of GFP from a GAD promoter, it is possible to label almost all GABAergic neurons in a mouse with bright green fluorescence (Tamamaki et al., 2003) . In other mice, more specific subtypes of GABAergic neurons are labeled with GFP, such as somatostatin-expressing neurons (Oliva et al., 2000) or parvalbumin-expressing neurons (Meyer et al., 2002) . Further versatility can be engineered via expressing Cre recombinase and/or Flp recombinase in specific cell types (Gong et al., 2007; Taniguchi et al., 2011; He et al., 2016) , visualized in mice expressing fluorescent proteins in a Cre/Flp-dependent manner (Madisen et al., 2010 (Madisen et al., , 2015 . Whole-cell recordings can then be targeted to these genetically defined types of neurons, revealing, for example, that different neocortical GABAergic neurons have radically different V m dynamics in awake mice during different behaviors (Gentet et al., 2010 (Gentet et al., , 2012 Polack et al., 2013) .
Dual Whole-Cell Recordings during Behavior
Correlation of V m with sensory input and motor output provides a wealth of data, but it is also of enormous importance to understand the relationship of V m fluctuations measured in one neuron with the activity of other neurons in the brain. Obtaining dual simultaneous whole-cell V m recordings in awake headrestrained mice is technically challenging but offers unique insight into the correlated activity of different neurons.
A striking observation from early whole-cell recordings of cortical neurons in awake head-restrained mice was the dominance of slow ($1-to 10-Hz) V m fluctuations (Petersen et al., 2003; Crochet and Petersen, 2006) . These slow fluctuations in V m during quiet wakefulness may be related to the much slower V m oscillations found during anesthesia (Steriade et al., 1993; Cowan and Wilson, 1994) . Dual whole-cell recordings in awake mice revealed that these slow V m fluctuations were highly correlated in nearby cortical neurons (Poulet and Petersen, 2008; Gentet et al., 2010;  Figure 3A ). Slow fluctuations were found to be particularly prominent during quiet wakefulness and reduced during the active sensorimotor behavior of whisking (Crochet and Petersen, 2006; Poulet et al., 2012; Eggermann et al., 2014) . Active states decreased V m variance and reduced the correlation of V m fluctuations in nearby neurons (Poulet and Petersen, 2008) . Similar changes in brain states and V m dynamics associated with running, reaching, or other active behaviors have been found in the mouse forepaw somatosensory cortex (Zhao et al., 2016) , visual cortex (Bennett et al., 2013; Polack et al., 2013; Reimer et al., 2014) , motor cortex (Schiemann et al., 2015) , and auditory cortex (Schneider et al., 2014; Zhou et al., 2014; McGinley et al., 2015) . However, it is important to note that, even during active brain states, V m fluctuations in nearby neurons remain strongly and significantly correlated, with slow V m dynamics dominating in frequency analyses (Poulet and Petersen, 2008 ).
An obvious expectation from highly correlated V m fluctuations in nearby cortical neurons would be that action potential firing should also be highly correlated. However, this does not turn out to be correct for excitatory layer 2/3 neurons in the mouse barrel cortex. Despite the obvious correlation of V m fluctuations in nearby neurons, their action potential firing is typically uncorrelated ( Figure 3B ). How can this be? To understand what makes a neuron spike, we need to examine the V m events leading up to action potential initiation. In a spike-triggered average V m trace, there is an obvious fast depolarization that precedes the action potential. On average, this pre-spike depolarization is $10 mV over the 20 ms preceding spike initiation. Interestingly, the V m of a nearby simultaneously recorded neuron shows very little depolarization. The depolarization driving action potentials is therefore cell-specific, despite the overall high correlation of V m fluctuations in nearby neurons. These large cell-specific depolarizations that drive asynchronous action potentials could relate to large cell-specific synaptic input evoked by the rare, large-amplitude unitary synaptic connections found in the neocortex (Song et al., 2005; Lefort et al., 2009 ) and/or cell-specific dendritic spiking evoked by non-linear, voltage-dependent conductances in dendrites (Schiller et al., 2000; Nevian et al., 2007; Smith et al., 2013) .
Interestingly, the V m dynamics leading to action potential initiation differ according to cell type. Most inhibitory GABAergic neurons (with the exception of somatostatin-expressing neurons) in layer 2/3 have subthreshold V m fluctuations that are highly correlated with the nearby excitatory neurons (Gentet et al., 2010 (Gentet et al., , 2012 . However, a spike-triggered average in these inhibitory neurons does not reveal a cell-specific depolarization ( Figure 3C ). The average V m trajectory leading to action potential initiation is very similar to the V m trajectory in simultaneously recorded nearby inhibitory neurons. Action potential firing in these GABAergic neurons thus follows the synchronous V m fluctuations, giving rise to broad action potential synchrony. The synaptic and cellular events leading to action potential initiation therefore differ between cell types, which provides important information relating to the mechanism, temporal precision, and specificity of action potential firing.
Whole-Cell Recordings of Synaptic Transmission in Awake Mice
Subthreshold V m fluctuations are largely driven by incoming synaptic input. An action potential in a presynaptic neuron will release neurotransmitter onto postsynaptic targets, evoking unitary postsynaptic potentials. Whole-cell recordings of synaptic transmission between specific types of neurons have predominantly been studied in vitro using brain slices (Markram et al., 1997) , but it is of obvious importance to measure synaptic transmission in vivo. Whole-cell recordings in anesthetized mice have been used to study unitary excitatory postsynaptic potentials, finding that many properties of synaptic transmission and synaptic connectivity appear similar to those reported in vitro (Jouhanneau et al., 2015; Pala and Petersen, 2015) . The brain state of awake animals is obviously different from anesthesia, and synaptic transmission could therefore differ. Very few recordings of synaptic transmission in awake animals have been reported, and the experiments are technically challenging. The first exemplary measurements show results consistent with those reported in vitro and in vivo under anesthesia. For example, a dual whole-cell recording from a presynaptic excitatory pyramidal neuron connected to a postsynaptic somatostatin-expressing GABAergic neuron in the barrel cortex of an awake head-restrained mouse revealed strong short-term synaptic facilitation ( Figure 4A ), similar to measurements of short-term synaptic plasticity at this synapse in vitro (Reyes et al., 1998; Kapfer et al., 2007; Silberberg and Markram, 2007) and in vivo under anesthesia (Pala and Petersen, 2015) . Indeed, in this example experiment, the repetitive high-frequency stimulation of the presynaptic neuron evoked firing in the postsynaptic somatostatin-expressing GABAergic neuron through summation and facilitation of the postsynaptic potentials ( Figure 4A ). Firing of a single neuron can therefore synaptically (A) Dual whole-cell V m recordings from nearby layer 2/3 excitatory neurons in the primary whisker somatosensory barrel cortex of an awake headrestrained mouse during quantified whisker movement. The V m of excitatory cell 1 (Exc1, black) has prominent slow fluctuations that are synchronous in nearby excitatory cell 2 (Exc2, blue) during quiet wakefulness when the whisker is not moving. During active sensing, as the whisker moves back and forth in an exploratory scanning behavior, the V m fluctuations reduce in amplitude, and the correlation of the V m fluctuations in the two neurons decreases. Reproduced from Poulet and Petersen (2008) . (B) A spike-triggered average in a dual whole-cell V m recording reveals a strong pre-spike depolarization (PSD) in the excitatory cell firing an action potential but no obvious change in V m of the nearby recorded excitatory cell. On average, layer 2/3 pyramidal neurons depolarize by $10 mV in the 20 ms before reaching the action potential threshold. The depolarization is cell-specific. Thus, although V m fluctuations are overall highly correlated in nearby neurons, action potential firing is largely asynchronous. Reproduced from Poulet and Petersen (2008) . (C) Dual whole-cell recordings from inhibitory GABAergic neurons in layer 2/3 of the barrel cortex targeted through two-photon microscopy. A spike-triggered average showed little difference in the preceding V m trajectory when comparing the spiking inhibitory cell and the other simultaneously recorded inhibitory neuron. Action potentials in these inhibitory neurons are therefore not triggered by the large cell-specific depolarizations observed in the nearby excitatory neurons. These inhibitory neurons therefore show broad action potential synchrony driven by synchronous V m fluctuations. Reproduced from Gentet et al. (2010) with permission of Elsevier. recruit action potential firing in some postsynaptic neurons. Similarly, postsynaptic activity driven by the firing of single cortical neurons may underlie the observation that action potentials in single cortical neurons can evoke whisker movements (Brecht et al., 2004 ) and sensory percepts (Houweling and Brecht, 2008 ). An important challenge for the future is to study the dynamics of synaptic transmission during different behaviors, which might alter synaptic transmission because of different neuronal activity patterns and the presence of varying concentrations of neuromodulators.
Combining Whole-Cell Recordings with Optogenetics in Behaving Mice
By injecting depolarizing or hyperpolarizing current through the whole-cell recording electrode, it is possible to control the firing of one specific neuron. Current injections can be useful to investigate the intrinsic electrophysiological properties of neurons, and, as noted above, this can also be used to examine the effect of single-neuron activity on other neurons and animal behavior. However, in general, many neurons contribute to governing network function and behavior, and, therefore, it is important to control the activity of many neurons simultaneously. Optogenetic actuators, such as channelrhodopsin-2, a light-gated cation channel (Nagel et al., 2003; Boyden et al., 2005) , and halorhodopsin, a light-activated chloride transporter (Zhang et al., 2007; Gradinaru et al., 2010) , can be expressed in many neurons, and by shining light on these neurons, their activity can be controlled. Cellular specificity in the expression of optogenetic actuators can be engineered through promoters, enhancers, and recombinases, as previously discussed with respect to expression of fluorescent proteins. Typically, the optogenetic actuators are fused to fluorescent proteins to visualize their expression. By targeting whole-cell recordings to such fluorescently labeled cells in behaving animals, we can directly measure the effect of light on neurons expressing the optogenetic actuators. For example, after expression of halorhodopsin variant eNpHR3.0 (Gradinaru et al., 2010) , yellow light was able to rapidly hyperpolarize and completely suppress action potential firing in neocortical somatostatin-expressing GABAergic neurons recorded in awake head-restrained mice (Gentet et al., 2012 ; Figure 4B ). The high input resistance of this type of GABAergic neuron allows its V m to be strongly modulated by the relatively small currents associated with halorhodopsin activation. Somatostatin-expressing GABAergic neurons inhibit nearby excitatory and inhibitory neurons (Pfeffer et al., 2013) , and it is therefore not simple to predict the overall network effect of suppressing the firing of these somatostatin-expressing GABAergic neurons. Whole-cell recordings from excitatory pyramidal neurons revealed an increase in firing rate during optogenetic suppression of nearby somatostatin-expressing GABAergic neurons, suggesting that, in layer 2/3 of the barrel cortex of awake mice, the predominant effect of action potential firing in somatostatinexpressing GABAergic neurons is to inhibit excitatory neurons (Gentet et al., 2012;  Figure 4B ).
Whole-Cell Recordings in Freely Moving Animals
So far we have discussed whole-cell recordings in awake headrestrained mice, which offers a relatively high degree of stimulus (A) Schematic drawing of a glutamatergic synaptic connection from a presynaptic excitatory pyramidal neuron (Exc) to a postsynaptic somatostatin-expressing GABAergic neuron (Sst) (top left). Shown is a two-photon image of a dual whole-cell recording from a synaptically connected Exc neuron and an Sst neuron in an awake head-restrained mouse (bottom left). Action potentials evoked in the Exc neuron through injection of 500 ms of depolarizing current can synaptically drive Action potentials in the Sst neuron (top center). Postsynaptic firing can be prevented by injecting À100 pA in the postsynaptic Sst neuron through the whole-cell recording pipette, revealing postsynaptic potentials (PSPs) evoked by action potentials in the Exc neuron (bottom center). The schematic shows that, during repetitive action potential firing, the synaptic connection from Exc to Sst cells exhibits short-term synaptic facilitation (top right). The subthreshold postsynaptic potentials evoked by the train of presynaptic action potentials show obvious facilitation, with the 10 th -12 th action potentials evoking larger postsynaptic potentials than earlier action potentials in the train (bottom right). Reproduced from Gentet et al. (2012) . (B) Schematic of the inhibitory circuit from presynaptic Sst neurons onto Exc neurons. Halorhodopsin (eNpHR3.0), an optogenetic inhibitory actuator acting as a light-activated chloride pump, can be expressed by Sst neurons using AAV-FLEX-eNpHR3.0 injected into Sst-Cre mice. Shown is an example whole-cell recording in an awake head-restrained mouse from an Sst neuron expressing halorhodopsin. Yellow light causes rapid hyperpolarization and cessation of action potential firing. The high input resistance of Sst neurons helps give robust effects of optogenetic inhibition. Also shown is an example recording from a layer 2/3 Exc neuron during optogenetic inhibition of Sst neurons in an awake headrestrained mouse. Action potential firing of Exc neurons increases during optogenetic inhibition of Sst neurons. Reproduced from Gentet et al. (2012). control, good opportunities for detailed measurement of behavior, and straightforward transfer of whole-cell recording methods from anesthetized to awake conditions. Head restraint also has many drawbacks, including the absence of vestibular signals and head movements. More physiological recording conditions in freely moving animals are therefore of great interest. Although extremely challenging, high-quality whole-cell V m recordings have been obtained in freely moving rats (Lee et al., 2006) . In the technique developed by Lee et al. (2009) , the first step is to obtain a whole-cell recording in an animal held in a stereotaxic apparatus under rapidly reversible anesthesia. A glass recording pipette is inserted into the rat brain through a small craniotomy, the electrode is advanced until a cell is encountered, and then the whole-cell recording configuration is established by gentle suction. In the next step, the pipette is cemented in place, attaching the glass electrode firmly to the skull of the rat ( Figure 5A ). The micromanipulator and tube for controlling pipette pressure are then disconnected, leaving only the pipette and a small patch-clamp amplifier attached to the skull. The rat can then be removed from the stereotaxic apparatus, and anesthesia is reversed. As the animal wakes up, it is now free to explore its environment while V m is measured through the whole-cell recording. In a remarkable example of this technique, Lee et al. (2012) measured V m of hippocampal CA1 neurons as a rat explored an oval track ( Figure 5B ). Some cells had an obvious place field in the form of a depolarization accompanied by elevated spiking whenever the rat was in a specific location, as described previously in Figure 5 . Whole-Cell Recordings from Freely Moving Rats (A) Cementing the pipette directly to the skull can provide sufficient mechanical stability for highquality whole-cell recording in freely moving rats. The whole-cell recording is first obtained under anesthesia, then the pipette is cemented in position to the skull, and afterward the rat is woken up from anesthesia. (B) Whole-cell V m recording from a CA1 pyramidal neuron during exploration of an oval track. For this cell, there was no action potential firing when no current was injected. However, when 83 pA of current was injected to depolarize the neuron, a clear spatial firing field became obvious. Remarkably, ''place cells'' can be induced by a steady depolarizing current. The place-specific firing was driven by a spatially localized depolarization that only appeared under the depolarized recording condition. Reproduced from Lee et al. (2012) with permission of the American Association for the Advancement of Science (AAAS).
freely moving rats (Epsztein et al., 2011) or head-restrained mice exploring a virtual environment (Harvey et al., 2009) . In other, so-called ''silent'' cells, Lee et al. (2012) found that there was no placespecific V m depolarization and no spontaneous action potential firing ( Figure 5B ). However, when depolarizing current was injected into such a silent cell, then a place field could be reversibly induced ( Figure 5B ). Thus, somatic V m can gate the integration of synaptic inputs in a highly non-linear manner, presumably through active dendritic conductances.
Limitations
As we have seen, whole-cell recordings can provide reliable, low-noise measurements of V m in awake behaving animals. There are, however, a number of limitations that need to be carefully considered when interpreting the data.
One point that may not be immediately obvious is the need to consider liquid junction potentials (Neher, 1992) . Under most whole-cell recording conditions, the amplifier reading is, in fact, not the true V m but, rather, includes an offset in the form of a so-called liquid junction potential. In a typical experiment, the patch pipette voltage is set to zero just before obtaining the giga-seal. However, the pipette solution differs from the extracellular solution, giving rise to a liquid junction potential. After obtaining the whole-cell recording configuration, the intracellular pipette solution diffuses into the recorded neuron, and the liquid junction potential disappears. Thus, there is an offset between the true V m and the measured pipette potential that can be corrected offline by subtracting the liquid junction potential calculated from the Henderson equation (Barry and Lynch, 1991) . For typical solutions used for in vivo whole-cell recordings, the amplifier reading is $10-15 mV more depolarized than its real value because of the liquid junction potential. When considering V m data, it is therefore important to note whether correction for liquid junction potentials has been carried out or not.
The most important measure of the quality of a whole-cell recording is the so-called ''access resistance'' ( Figure 6A ). The pipette tip is small, and, typically, the open pipette resistance is $5 MU when inserted into the extracellular solution in the recording chamber. When the whole-cell configuration is established, the pipette tip is partially occluded by membranes and organelles from the cell being recorded. The access resistance between the pipette and the inside of the cell is therefore higher than the open pipette resistance. There is usually some movement of the brain during the recording, and, typically, the access resistance increases. Access resistance is often higher in awake recordings than under more stable recording conditions, such as in vitro or in anesthetized recordings, because of larger brain movements. High access resistance, together with pipette capacitance, filters fast events like action potentials, which become broader in time and smaller in amplitude. Slower subthreshold V m fluctuations are much less affected. As a first-order measure of recording quality, one can therefore examine the action potential shape and amplitude. The second effect of high access resistance relates to the measurement of V m during Figure 6 . Limitations and Considerations of Whole-Cell Recordings (A) The access resistance (R a , the resistance between the pipette and the cell) can reach the same order of magnitude as the membrane resistance (R m , input resistance) during in vivo recordings from behaving animals. The access resistance can change during recordings on different timescales, and compensation is therefore not trivial. In the absence of current injection (I = 0 pA), the pipette voltage equals the membrane potential. (B) Synaptic input arrives on dendrites, whereas the typical site of action potential initiation is at the axon initial segment. Because the soma is usually electrotonically close to the axon initial segment, somatic whole-cell recordings give a relatively reliable measure of synaptic integration and action potential threshold. However, many dendrites are electrotonically far from the soma, and, in general, the V m in a dendrite is not equal to the V m in the soma. Because of axial resistance, membrane capacitance, and spatially distributed transmembrane conductances, it is not possible to accurately voltage-clamp large dendritic arbors. Such so-called space-clamp problems make it difficult to estimate synaptic conductances. current injections. An important feature of whole-cell recordings is the ability to inject currents to change the V m , allowing conductances with different reversal potentials to be distinguished. However, as current flows from the pipette into the cell, it crosses the access resistance, necessarily generating a drop in potential. The steady-state fractional drop in potential across the pipette tip compared with the membrane during current injection is given by the ratio of access resistance to membrane resistance. The membrane resistance of some neurons in awake animals is considerably lower than in reduced preparations. For example, although mouse layer 2/3 pyramidal neurons in vitro are often reported to have an input resistance of hundreds of MU (Lefort et al., 2009) , in vivo in awake head-restrained mice, layer 2/3 pyramidal neurons in the primary somatosensory cortex projecting to the primary motor cortex have an input resistance of $35 MU (Yamashita et al., 2013) . The access resistance of a whole-cell recording in an awake behaving mouse is typically tens of megaohms, in the same order of magnitude as the membrane resistance. Under the condition that no current is injected, there is also no drop in potential across the access resistance. The most accurate measurements of V m are therefore made without current injection. In many patch-clamp amplifiers, the access resistance can be compensated electronically, but for this to be successful, the access resistance must be stable, and this is not always the case in awake behaving animals. Movements of the animal typically cause small movements of the brain, and, in some cases, these are associated with a change in access resistance. If current is being injected and access resistance not correctly compensated, then the change in access resistance would appear artifactually as a change in V m . Careful consideration of access resistance and current injection is therefore necessary, especially under suboptimal recording conditions during behavior.
So far we have considered whole-cell recordings from the soma of neurons, which is the typical recording condition in awake behaving animals. Measurement of the somatic V m is interesting because the soma often serves as an integrator of dendritic input, typically being close to the axon initial segment, where action potentials are initiated. If the neuron is electrically compact, then the V m in the dendrites and the soma might be equal. Under these conditions, it is possible to voltage-clamp the neuron and measure currents, allowing conductances to be computed. However, in general, dendrites are long, and the V m in a dendrite differs from that at the soma ( Figure 6B ). Because of membrane capacitance, transmembrane conductances along dendrites, and axial resistance, it is not usually possible to voltage-clamp neurons in such a way that their entire membrane is isopotential. Such ''space-clamp'' problems associated with all dendritic cables will differ for proximal and distal conductances, making it difficult to quantitatively interpret measurements (Williams and Mitchell, 2008) . Space-clamp is an important consideration for any electrophysiological measurement but is likely to be particularly problematic during intense neuronal activity driving strong synaptic conductances in awake behaving animals. Estimating synaptic conductances from somatic whole-cell recordings in behaving animals is therefore difficult, and such data should be interpreted cautiously. Nonetheless, current injections are important experimental manipulations that can help reveal the contributions of different synaptic and intrinsic conductances.
Future Perspectives
A key goal of many neuroscientists making whole-cell recordings is to uncover the synaptic mechanisms contributing to V m fluctuations and action potential generation. If we accept that voltage clamping is problematic in neurons with large dendritic arborizations, then we cannot directly obtain quantitative data relating to synaptic conductances. How, then, should we proceed with the investigation of the causal mechanisms contributing to V m fluctuations? In the following sections, I briefly outline some technical approaches related to whole-cell recordings that have so far been carried out mainly in reduced preparations and that, in future experiments, might be broadly applicable to whole-cell recordings from behaving animals. Intracellular Pharmacology through Whole-Cell Recordings One feature of the whole-cell recording technique is that the pipette solution diffuses into the recorded cell. As discussed above, this allows the experimenter to label the recorded neuron with biocytin or fluorescent dyes. In addition, pharmacological reagents can also be included in the pipette solution, which then diffuse into the recorded cell. If the compound is membrane-impermeable and active intracellularly, then remarkably specific single-cell pharmacological experiments can be carried out. The role of different conductances can then be investigated by infusing specific antagonists. In the first in vivo example of such an experiment, Nelson et al. (1994) used whole-cell recordings to intracellularly apply a drug to block the g-aminobutyric acid receptor type A (ionotropic) (GABA A ) conductance in the visual cortex of anesthetized cats, finding that orientation tuning remains intact in the absence of inhibition ( Figure 7A ). This important result suggests that specific excitatory synaptic input drives orientation tuning of individual neurons in the visual cortex. Intracellular blockade is essential for this experiment, leaving the surrounding neuronal network in its normal physiological state while only manipulating the GABA A receptors in a single recorded neuron. If a GABA A receptor antagonist is applied extracellularly in vivo, then the entire local circuit becomes epileptic, and it is not possible to interpret the data.
Depending upon the size of the neuron, it can take a long time for the recorded neuron to be filled with the intracellular pharmacological reagent. An elegant approach to be able to rapidly compare the effects of blocking a conductance is to use caged compounds. The neuron can then be filled through the wholecell recording pipette with an inert substance, and when diffusion has taken place, a brief light pulse can be used to cleave the caged compound, releasing the active pharmacological agent. Recently, such an approach revealed an important role for dendritic N-methyl-D-aspartate (NMDA) receptors in vivo through the infusion of caged MK801 into cortical pyramidal neurons via whole-cell recording electrodes (Palmer et al., 2014) .
So far, intracellular pharmacology has only been tested in reduced preparations in vitro or in vivo under anesthesia. In future experiments, it will be important to apply these methods for intracellular pharmacological manipulations in awake animals to investigate the role of various conductances in driving V m dynamics during behavior. Mapping Synaptic Inputs through Introduction of DNA via Whole-Cell Patch Pipettes and Rabies Virus Another important opportunity is to use the whole-cell recording pipette to deliver DNA directly to the recorded neuron (Rancz et al., 2011) . Although only a small amount of DNA appears to enter the recorded neuron, this is sufficient for some experiments. One remarkable application is to use whole-cell DNA delivery to express the receptor for subgroup A avian leucosissarcoma viruses (TVA), subsequently allowing infection of the TVA-expressing neuron with rabies virus pseudotyped with the envelope protein from avian type A leucosis-sarcoma viruses (EnvA) (Wickersham et al., 2007; Rancz et al., 2011; Vé lez-Fort et al., 2014 ; Figure 7B ). The electrophysiological properties of a neuron can thus be characterized during the whole-cell recording, and, in a subsequent step, the trans-synaptic spread of the rabies virus will label the presynaptic neurons. Using this technique, Vé lez-Fort et al. (2014) found that cortico-cortical neurons in layer 6 of the mouse visual cortex have broad receptive fields and predominantly receive monosynaptic input from other nearby deep-layer neurons. Furthermore, cortico-thalamic neurons in layer 6 were found to have highly selective receptive fields while receiving important long-range input from a variety of other cortical regions. These experiments carried out under anesthesia suggest that, in the future, it will be possible to map the monosynaptic inputs to neurons recorded in awake animals. Importantly, the rabies virus can also be used to deliver optogenetic tools for recording and manipulating the activity of the presynaptic neurons. Such experiments will undoubtedly play an important role in deciphering the distinct contributions of different synaptic inputs to driving V m fluctuations in specific neurons during diverse behaviors. Whole-Cell Recording and Single-Cell Gene Expression Profiling The patch pipette can also be used to harvest the contents of the cell body, including the cytosol and nucleus ( Figure 7C ). Pioneering experiments found that it was possible to carry out reverse transcription and PCR amplification of specific transcripts from single neurons recorded using patch electrodes (Lambolez et al., 1992) . Recent advances in single-cell RNA sequencing have enabled the large-scale transcriptional profiling of single brain cells and their classification (Zeisel et al., 2015; Tasic et al., 2016) . Single-cell RNA sequencing has now also been applied to the aspirated content of single cells from whole-cell recordings in brain slices, in the so-called ''Patch-seq'' methodology (Fuzik et al., 2016; Cadwell et al., 2016 ; Figure 7C ). This allows relatively complete transcriptional profiling of individual neurons from which electrophysiological and morphological data can also be obtained. This advance is enormously important for the precise determination of cell types. Although this method has so far only been applied in vitro, it is quite likely that, in the future, it will be possible to carry out Patch-seq experiments in neurons recorded in behaving mice. Dendritic Whole-Cell Recordings Synaptic input is distributed across dendritic arborizations, with only a minor fraction of synaptic input arriving on the soma or axon. As noted above, synaptic currents and conductances on dendrites cannot be accurately measured using somatic whole-cell recordings. Although technically challenging, one approach to understanding how synaptic input is integrated is to make direct dendritic whole-cell recordings. In brain slices in vitro, it is possible to target whole-cell recordings to dendrites using infrared differential interference contrast video microscopy (Stuart et al., 1993; Stuart and Sakmann, 1994) or fluorescence (Nevian et al., 2007) . In vivo, it is much more difficult to target whole-cell recordings to dendrites, although possible, for example, through the use of two-photon imaging and shadowpatching with extracellular fluorescence in anesthetized mice (Kitamura et al., 2008) . To date, most in vivo dendritic wholecell recordings have been obtained through a variation of the blind whole-cell recording technique, in which the patch pipette is advanced in micrometer steps and touches with membranes identified through changes in tip resistance. By using patch pipettes with small tips (typical resistance of $10 MU) and inserting the electrode at a shallow angle relative to the pial brain surface, it has been possible to record from dendrites in vivo in anesthetized animals (Larkum and Zhu, 2002; Waters et al., 2003) . Anesthesia has been reported to suppress dendritic excitability (Murayama and Larkum, 2009) , and it is therefore of critical importance to measure dendritic V m dynamics in awake animals. (C) The Patch-seq technique consists of carrying out a whole-cell recording, after which the cytoplasm, and also typically the nucleus, are aspirated into the patch pipette. The contents of the patch pipette are then subjected to reverse transcription and sequencing to investigate the expressed genes in the recorded neuron.
Indeed, the first dendritic whole-cell recordings have already been carried out in awake head-restrained mice (Smith et al., 2013;  Figure 8A ). In these experiments, the dendrites were patched blindly, but, after establishment of the dendritic whole-cell recording, the dendrite was visualized by the fluorescent dye from the patch pipette. These dendritic recordings from excitatory pyramidal neurons in the mouse visual cortex reveal the prominence of dendritic spiking in response to preferred stimuli, probably driven by local dendritic voltage-gated sodium channels and NMDA receptors. Dendrites therefore appear to play an active role in synaptic integration and information processing. (A) Whole-cell dendritic recording from a layer 2/3 pyramidal neuron in the primary visual cortex of an awake head-restrained mouse viewing drifting gratings. Bursts of dendritic spikes were observed in response to a drifting grating in the preferred orientation but not for an orthogonal direction. Reproduced from Smith et al. (2013) with permission from Nature, Macmillan Publishers. (B) Simultaneous somatic whole-cell recording and dendritic two-photon imaging of a fluorescent calcium-sensitive dye in a layer 2/3 pyramidal neuron of the primary auditory cortex in an anesthetized mouse. Auditory stimulation evoked local calcium signals in some spines. These subthreshold calcium signals likely represent individual synaptic inputs, providing important information relating to the tuning and spatial distribution of synaptic input on individual neurons. Spontaneous action potentials (right), measured with the somatic whole-cell recording, evoked uniform calcium signals in these spines and dendrites. Reproduced from Chen et al. (2011) with permission from Nature, Macmillan Publishers.
Whole-Cell Recording and Dendritic Calcium Imaging
Another approach to characterize the synaptic input arriving across the dendritic arborization is to image dendritic synaptic activity with a calcium-sensitive fluorescent dye (Jia et al., 2010; Chen et al., 2011 Chen et al., , 2013b . Small organic calcium-sensitive dyes (such as Oregon green 1,2-bis-(o-aminophenoxy)-ethane-N,N,N 0 ,N 0 -tetraacetic acid [BAPTA-1]) can be introduced into a recorded neuron using the whole-cell recording pipette and will diffuse into the dendritic arborization ( Figure 8B ; Chen et al., 2011) . Individual spines can then be visualized at high resolution using two-photon microscopy. When glutamatergic synaptic input arrives at a spine, it causes a postsynaptic potential, in part mediated by NMDA receptors. The NMDA conductance is calcium-permeable, and, thus, postsynaptic potentials are typically accompanied by a local increase in spine calcium concentration. A given sensory stimulus will then activate a specific subset of spines that can be imaged with the calcium-sensitive fluorescent dye in the dendrites. The spatial arrangement of different sensory inputs can thus be characterized across the dendritic arborization. So far, this method has only been used under anesthesia because movement-related image blur makes high-resolution imaging challenging in awake behaving mice.
Imaging Membrane Potential
Currently, whole-cell recordings provide the most accurate measurement of V m , but, recently, there have been impressive advances in the development of fluorescent voltage sensors.
In particular, genetically encoded voltage-sensitive fluorescent proteins are beginning to provide useful data in vivo (Akemann et al., 2010; Jin et al., 2012; Hochbaum et al., 2014; St-Pierre et al., 2014; Gong et al., 2015) . In the future, it may be possible to image V m , which will be important for understanding somatic and dendritic voltage, perhaps measured from many neurons simultaneously. These voltage sensors will need to be benchmarked against whole-cell recordings and tested for toxicity and functionality in awake behaving animals. At this time, the genetically encoded voltage sensors are far from having the same resolution as the patch electrode. It therefore seems likely that whole-cell recordings will remain an important technique for studying neuronal activity in awake behaving animals for the foreseeable future.
